The endurance of MgO-based magnetic tunnel junctions has been studied using a time-dependent dielectric breakdown method. Series of successive electrical pulses of constant duration, varying voltage and varying time interval between successive pulses (t) were applied until electrical breakdown of the tunnel barrier occurred. We show here that two electrical breakdown regimes exist depending on the time interval t between pulses compared to a characteristic escape time  0 of the order of 100ns. For t< 0 , the breakdown is caused by a high average charge trapped in the barrier. For t> 0 , the breakdown is ascribed to large temporal variations of the amount of trapped charges causing alternating stress in the barrier oxide. Between these two regimes, the tunnel junction reaches a very high endurance.
Spin-transfer torque magnetoresistive random access memory (STT-MRAM) is a promising memory technology because of its non-volatility, high speed operation, very large endurance, high density and compatibility with standard CMOS process 1 . As the magnetic tunnel junction (MTJ) size shrinks, the MTJ resistance must remain comparable to the resistance of the selection transistor in a one transistor-one MTJ (1T-1MTJ) design. Hence, a thinner tunnel barrier that does not compromise on reliability is required. Oxide barrier breakdown is one of the key integration and reliability issues for advanced semiconductor memory technology. Despite numerous studies on the tunnel magnetoresistance of MgO-based magnetic tunnel junctions (MTJ), the breakdown mechanism of ultrathin MgO-MTJ has not been thoroughly investigated [1] [2] [3] [4] [5] [6] [7] [8] .
However, a comprehensive understanding of MTJ reliability issues is essential for the success of STT-MRAM or of other devices based on hybrid CMOS/MTJ technology.
In this work, we studied the lifetime of junctions using a time dependent dielectric breakdown (TDDB) 3, 4 technique. Studies of time-dependent dielectric breakdown (TDDB) in magnetic tunnel junctions (MTJ) are usually carried out by applying a DC voltage while recording the time to breakdown 3, 4 . However, the normal operation conditions of an MTJ in an MRAM device require applying a large number of read/write voltage pulses a few nanoseconds long.
This work reports on the breakdown behavior of MgO-based tunnel barriers submitted to successive voltage pulses. We studied their endurance as a function of the time interval between pulses and pulses amplitude and polarity. An earlier study has shown that MgO dielectric breakdown measurements carried under DC voltage and under cumulative pulsed voltage yield equivalent results for pulsewidths longer than 100 ns 7 . In the present study, we therefore chose to work with shorter constant pulsewidth of 30ns. A very peculiar behavior was observed characterized by a very large enhancement of the MTJ endurance around an intermediate characteristic time interval  0 between successive pulses of the order of 100ns.
We ascribe this behavior to charging/discharging effects within the MgO barrier due to the presence of interfacial and/or bulk electron traps in the MgO layer. The experimental procedure consisted in applying successive pulses of 30ns with constant amplitude (~1.30V -~1.80V) at zero magnetic field until barrier breakdown occurs. The pulses amplitude was corrected from the serial resistance associated with the electrodes (in the range of 260 the latter beingdetermined for every junction after breakdown occurrence as shown in Fig.1-a-d . No gradual degradation of the barrier was observed. The breakdown occurs abruptly as shown in Fig.1-d . It corresponds to a sharp drop of the junction resistance accompanied by a degradation of the TMR response ( Fig.1-c) . The time interval, i.e. the delay, between consecutive pulses (t) was a variable parameter. Experiments were repeated for time delays between pulses from 1ns up to 10µs. The experiments were performed in accelerated breakdown conditions i.e. with a pulse amplitude of 1.48V, corresponding to an electric field of 14 MV/cm. This pulse amplitude is about twice higher than required for STT-MRAM writing under normal operation conditions. By studying a set of junctions (20-40), the distribution of broken MTJ versus number of applied pulses could be characterized. It is well described by a Weibull distribution with cumulative distribution Fig 2a) . Such distribution is characterized by two parameters: i) The shape parameter , representing the dispersion of time-dependent breakdown failures and ii) the scale parameter η, representing the number of pulses when a fraction 1-exp(-1) (i.e. 63.2%) of MTJs have failed. Here  reaches 2.39, which indicates a good quality of the junctions and a relatively narrow distribution of their properties [6] . We also extracted  from these measurements taken on 20-40 junctions.
We first studied the voltage dependence of , by stressing the MTJs with various bias amplitudes of positive polarity (from 1.20V to 1.50V) in the magnetic parallel state, as plotted in Fig.2 .b. These data were fitted to the E-model (log () is proportional to the electric field E) 3 . This extrapolation, although preliminary, shows that for the working voltage of 0.8V, the endurance of the MTJs can be way above the value of 10 16 , required for a 10 year lifetime. We then studied the evolution of η as a function of the delay between consecutive pulses t (Fig.3) . As explained before, each point represents an average value over 20-40 junctions. This experiment shows that the η variation exhibits two different regimes separated by a pronounced maximum for unipolar pulses. For short delays between pulses (1ns<t<100ns), the barrier lifetime increases dramatically with t from rather short values for t <30ns to values 6 orders of magnitude larger when t approaches 100ns. For delays t longer than 100ns, the opposite evolution is observed: the barrier lifetime decreases as the delay between pulses t increases and asymptotically reaching a value of the same order as for short t.
This behavior was observed for both pulse polarities (either positive or negative pulses) and of different amplitudes (Fig. 3b,c) , the peak amplitude strongly depending on the bias voltage. However, remarkably, the peak completely disappears when pulses of alternative polarity are used, as shown in Fig. 3 .a.
Because of the marked difference between pulses of same polarity and opposite polarity, these observations cannot be ascribed to heating effect in the tunnel barrier. Rather, we developed an interpretation based on charge trapping/detrapping effect within the barrier. At each pulse, some tunnelling electrons get trapped in the barrier at structural defects, in particular dislocations 9 . Between two pulses, the trapped electrons may escape from their trap with a characteristic time   which is ~100ns in our experiments). The first observed regime corresponds to t<<  . At each pulse, the barrier gets more and more charged up to an asymptotic value characterized by a high density of trapped electrons. Because of the electrostatic repulsion between trapped electrons which turn into repulsive forces between traps, the barrier is rendered more fragile and its lifetime is decreased yielding the low  value observed for short t. In the opposite limit t>>  , some tunneling electrons get trapped during each pulse but escape from their trap between consecutive pulses. As a result, the amount of trapped charge in the barrier remains weak in average but with a strong time-dependent modulation of the amount of trapped electrons. This generates steady variations in the forces exerted on the traps producing an alternating stress on the oxide barrier. This also results in a shorter lifetime.
The intermediate situation with t~  is the most favorable in terms of lifetime: The average amount of trapped electrons in the barrier is moderate as is the time-dependent modulation of this amount, resulting in the large observed lifetime. This interpretation is consistent with the absence of peak when pulses of alternating polarity are used. Indeed, in this case, electrons are trapped and untrapped at each alternating pulses yielding a strong time-dependent modulation of the density of trapped electrons and therefore a behavior similar to the one observed for pulses of same polarity when t>>  .
To sumarize, we have studied the duty cycle effect on barrier breakdown in MgO Magnetic Tunnel Junctions. Two regimes were observed as a function of delay between voltage pulses. The results were interpreted in terms of charge-discharge phenomena impacting the barrier integrity.
